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Abstract
Time-domain femtosecond laser spectroscopic measurements of the ultrafast lattice dynamics
in 2H-MoTe2 bulk crystals were carried out to understand the carrier-phonon interactions that
govern electronic transport properties. An unusually long lifetime coherent A1g phonon mode was
observed even in the presence of very large density of photo-excited carriers at room temperature.
The decay rate was observed to decrease with increasing excitation laser fluence. Based on the
laser fluence dependence including the inducement of significant phonon softening and a peculiar
decrease in phonon decay rate, we attribute the long lifetime lattice dynamics to weak anharmonic
phonon-phonon coupling and a carrier-density-dependent deformation potential electron-phonon
coupling.
Typeset by REVTEX 1
Transition-metal dichalcogenides (TMDCs) are recognized as one of the most promising
two-dimensional (2D) layered materials for optical, mechanical, and electrical applications
owing to their unique van der Waals bonded multi-layered structures [1–3], the inherent
band-gap engineering of topological properties [4–6], and the predicted high carrier mobility
[7]. Molybdenum ditelluride (MoTe2), a representative TMDC material, is an ideal material
for optical and electrical applications due to its unique layered 2D structure. MoTe2 can
crystallize in three different phases, i.e. the room temperature 2H , the high-temperature
1T ′ and the low-temperature Td phases [8]. 2H phase has a hexagonal structure while the
1T ′ phase has a monoclinic structure and transforms into distorted monoclinic Td phase.
The 2H-MoTe2 is a semiconductor and holds great promise for field-effect transistors [9, 10]
and optical applications [11, 12].
A fundamental understanding of the interaction between electrons and the lattice is of
central importance for advancing TMDCs to device applications as, in addition to impurity
and vacancy scattering, electron-phonon coupling often limits carrier mobility in single crys-
tal materials [13]. In an electrical devices, electron-phonon coupling plays a significant role
in governing device performance. For example, interactions between phonons and photo-
excited carriers are a crucial issue for TMDC-based optoelectronic device applications. How-
ever, little has been experimentally unveiled in terms of electron-phonon coupling in TMDCs
although the Fro¨hlich interaction has been theoretically argued to play an important role
in electron-phonon coupling in TMDCs [14]. Coherent phonon spectroscopy [15] is a pow-
erful experimental tool to explore the lattice degrees of freedom on ultrafast time scales
and enables investigation of electron-phonon coupling dynamics as well as ultrafast phase
transitions [16–19].
In this Letter, we have investigated the electron-phonon coupling dynamics in a bulk
crystal of 2H-MoTe2 by employing optical pump-probe coherent phonon spectroscopy with
varying pump fluences (F ). The lifetime of the coherent A1g mode was found to be re-
markably long in spite of the presence of a large number of photo-excited carriers. The
exploitation of coherent phonon states can be important for quantum computing [20], as
they have the potential for operation in the terahertz (THz) range since coherent optical
phonons typically oscillate in the THz frequency region. For this purpose, the lifetime of
coherent phonons is an important parameter in the retention of data necessary for the re-
alization of complex computing. In general, however, coherent phonons typically damp out
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within a few picosecond in most materials [21]. Wide gap semiconductors are an exception
that exhibit long-lifetime coherent phonons [22–24]. However, in the presence of carrier
excitation, these materials exhibit a coherent phonon lifetime that is drastically shortened
due to carrier-phonon scattering [22, 25]. Here, we show that MoTe2 is an exception even
in the presence of a substantial concentration of photo-excited carriers.
Optical pump-probe measurements were carried out using a femtosecond Ti:sapphire
laser oscillator operated at 80 MHz, which provided near infrared optical pulses with a pulse
duration of ≤ 30 fs and a central wavelength of 800 nm. The average fluence of the pump
beam was varied from 50 to 400 µJ/cm2. The s-polarized pump and the p-polarized probe
beam were co-focused onto the sample to a spot size of ≈25 µm. The optical penetration
depth at 800 nm was estimated from the absorption coefficient to be ≈57 nm. The delay
between the pump and probe pulses was scanned by an oscillating retroreflector operated
at a frequency of 19.5 Hz up to 15 ps [26]. The transient reflectivity change (∆R/R) was
recorded as a function of pump-probe time delay. The measurements were performed in air
at room temperature. The sample used was a small flake of 2H-MoTe2 single crystal with
the c-axis of the crystal corresponding to the sample normal.
Fig. 1(a) shows a typical time-domain signal observed with F = 50 µJ/cm2. At 0 ps
(the arrival of the pump pulse), a clear oscillatory pattern emerges and persists for more
than 30 ps. The amplitude of the oscillatory pattern decreases with time. Fig. 1(b) shows
the Fourier transformed (FT) spectrum of the time domain signal [Fig. 1(a)]. Two distinct
peaks can be seen at around 3.6 and 5.1 THz. As can be seen in Fig. 1(c), 2H-MoTe2
has a multi-layered structure with van der Waals interactions. The observed 3.6 and 5.1
THz peaks correspond to the transverse optical (TO) E1g and the longitudinal optical (LO)
A1g Raman-active phonon modes, respectively. Since the bulk crystal of 2H-MoTe2 has an
indirect band-gap of ≈1.0 eV [27, 28], near-infrared (1.55 eV) optical excitation introduces
photo-excited carriers in the conduction bands and hence carrier-phonon coupling plays
an important role in the decay of the coherent phonons, as schematically depicted in Fig.
1(c), in addition to other phonon scattering mechanisms, such as phonon-phonon, phonon-
impurity, and phonon-defect scattering. Nevertheless, the lifetime of coherent oscillation in
∆R/R signal is extremely long, lasting for more than 30 ps. The narrow bandwidth of the
A1g mode compared to the E1g as shown in Fig. 1(b) also indicates that the lifetime of the
A1g mode is longer than that of the E1g mode.
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FIG. 1. (a) Time-domain signal of MoTe2 measured with F = 50 µJ/cm
2. (b) Fourier transformed
spectrum of (a). In the spectrum, the E1g and A1g Raman-active coherent phonon modes were
observed. (c) The crystal structure and corresponding atomic motion of the coherent phonon
modes are illustrated.
Fig. 2 shows a discrete Wavelet transform (DWT) spectrogram for F = 50 µJ/cm2, a
time-frequency-domain representation of Fig 1(a) [29]. Both of the two dominant optical
phonon modes can be seen at their corresponding frequencies, and decay with different time
scales. The lifetime of the E1g mode was found to be much shorter than that of the A1g
mode, and only the A1g mode signal persists beyond ≈8 ps up to the limit of the time delay
of the measurement in accordance with the difference in the spectral bandwidth of these
modes [see Fig. 1(b)]. Thus, the A1g mode exhibited a long lifetime.
Fig. 3 demonstrates the time-domain signals observed for various fluences for early (from
-0.5 to 8 ps) and late (from 22 to 31.5 ps) time windows to emphasize the characteristic
behaviors of E1g mode and the long-lifetime of the A1g mode. As shown in Fig. 3(a), it is
interesting to note that the initial amplitude of the oscillatory signal increases sublinearly
with increasing F in the range of 100 to 400 µJ/cm2. By comparison with the signal for
F = 100 µJ/cm2, the initial amplitude of the oscillation for F = 200 µJ/cm2 was found to
increase by a factor of two, as expected from the ratio of F values. The initial amplitudes for
F = 300 and 400 µJ/cm2 exhibit, however, almost same magnitude, implying a saturation
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FIG. 2. Discrete Wavelet transform spectrogram for F = 50 µJ/cm2.
effect occurs, similar to the case for the coherent LO mode in CdTe [30]. As shown in Fig.
3(b), in fact, the decay rate of the coherent phonons increases with increasing pump fluence.
To further investigate the dynamics observed in photo-excited MoTe2, we fitted the time-
domain signals with a combination of two damped harmonic oscillators,
∆R(t)/R = AE1ge
−t/τE1g cos(ωE1gt+ ϕE1g)
+AA1ge
−t/τA1g cos(ωA1gt + ϕA1g) + C. (1)
where A, ω, and ϕ are the amplitude, the frequency, and the initial phase, respectively, where
the subscripts E1g and A1g represent the phonon modes, and C is a constant background.
As shown in Fig. 3(a), the experimental data can be fit well especially for early times.
For later time windows, there is significant deviation from the fit towards the end of the
observed signals, e.g., at 30 ps. After ≈26 ps, the oscillatory periods of the experimental
data becomes shorter than the fit, where the frequencies ω are kept constant. This result
suggests that phonon hardening (frequency up-chirping) has occurred for the coherent A1g
mode within a time window of ≈30 ps.
The FT spectra obtained from the entire ∆R/R signals for different F levels (100, 200,
300, and 400 µJ/cm2) are shown in Fig. 4. The frequencies of both the E1g and A1g modes
were found to significantly red-shift with increasing F , as indicated by the dashed lines.
It should be noted that, while a photo-induced temperature rise to ≈670 K can cause a
phase transition from 2H- to 1T ′-MoTe2 structure [10], in the present experiment the lattice
temperature rise estimated using the two-temperature model [31] is ≈40 K, implying that
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FIG. 3. Time-domain ∆R/R signals for F = 100, 200, 300, and 400 µJ/cm2 in the time region of
-1 ∼ 8 ps (a) and 23 ∼ 31 ps (b). The colored and the black lines represent the experimental data
and the fit using Eq. (1), respectively. Each data set has been vertically offset to avoid overlap.
the maximum lattice temperature after the photo-excitation is ≈340 K. The value is much
lower than the phase transition temperature, and therefore, the possibility of a photo-induced
phase transition into 1T ′ phase can be excluded. Instead of a photo-induced phase transition,
we argue that the observed phonon frequency softening is due to changes in the electron-
phonon coupling, because of the large photo-excited carrier density as will be discussed
later. We note that the possibility of an electronic-excitation induced phase transition into
the 2H∗ phase was predicted [32]. However, the 2H∗ phase is an incommensurate excited
state of the 2H phase and we consider that the photo-excited sates for each fluence can be
treated in the same framework of electron-phonon coupling.
To obtain further insight into the origin of the F dependence of the coherent phonon
spectra, the fitting parameters obtained in Fig. 3 for the E1g and A1g modes are plotted
as a function of F in Fig. 5. As F is increased, the initial amplitude of the A1g mode
linearly increases, whereas that of the E1g saturates at ≈250 µJ/cm
2 [Fig 5(a)]. This ob-
servation might be explained by the effect of the decay on the amplitude [33], where the
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FIG. 4. FT spectra obtained with F = 100, 200, 300, and 400 µJ/cm2. The dashed lines represent
the peak positions for F = 100 µJ/cm2.
E1g mode exhibits a larger decay rate than that of the A1g mode, and/or by the saturation
of the driving force, e.g., a sublinear carrier density dependent shift of the lattice potential
along the E1g coordinate [34]. The frequencies (decay rates) of both modes monotonically
decrease (increase) with increases in F . In terms of the decay rate behavior, the total decay
rate (the inverse of the dephasing time, 1/τ) is determined by the sum of the scattering
mechanisms, such as phonon-defect scattering due to impurities and vacancies (1/τdefect),
anharmonic phonon-phonon coupling (1/τanh), and electron-phonon coupling (1/τe−p). Thus
1/τ = 1/τdefect+1/τanh+1/τe−p. In a high-quality single crystal, as is the case here, the con-
centration of impurities and vacancies is quite small so that the τdefect term is very small and
does not depend on F . The anharmonic phonon-phonon coupling depends mainly on the
lattice temperature [35, 36] and the τanh is not sensitive to the photo-excited carrier density,
although photo-excitation causes a small lattice temperature rise (≤40 K). Hence the mono-
tonic increase in the decay rates can predominantly be attributed to the electron-phonon
coupling that is also related to phonon softening.
In the scheme of deformation potential (DP) electron-phonon coupling, the frequency
and decay rate, i.e., the real and imaginary parts of the phonon self-energy [37], vary in
a nearly linear manner with the carrier density. The estimated number of photo-excited
carriers (i.e. 2.1 × 1019 cm−3 for F= 50 µJ/cm2) is much larger than the intrinsic carrier
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density (≈ 1017 cm−3) and a change in F is expected to lead to a significant change in the
DP interaction. The red-shift of the frequency can be well modeled by ∆ω ∝ −(D20/ω0)Ne,
where D0 is the deformation potential, ω0 is the phonon frequency, and Ne is the carrier
density that is a linear function of F [37]. We can then obtain the ratio of ∆ωA1g/∆ωE1g =
(DA1g/DE1g)
2(ωE1g/ωA1g). From the linear fit shown in Fig. 5(b), ∆ωA1g/∆ωE1g is found to
be ≈ 0.32. Setting ωE1g/ωA1g ≈ 0.70, (DA1g/DE1g)
2 = 0.46, and thus DA1g/DE1g = 0.68.
The change in the decay rate, on the other hand, can be expressed by ∆γ ∝ −(D20ω0)Ne
[37]. From this we obtain the ratio of ∆γA1g/∆γE1g = (DA1g/DE1g)
2(ωA1g/ωE1g). From the
linear fit shown in Fig. 5(c), the ratio ∆γA1g/∆γE1g is found to be ≈0.37. Setting ωA1g/ωE1g
≈ 1.42, (DA1g/DE1g)
2 = 0.26, DA1g/DE1g = 0.51, a value comparable to the value obtained
from the frequency red-shift (DA1g/DE1g = 0.68). Given the result that the DA1g/DE1g ratio
obtained from a comparison of the decay rate trend is smaller than that derived from the
frequency trend, other symmetry- and carrier-density-dependent decay processes, such as
the Fro¨hlich interaction, are thought to be not as important as the DP electron-phonon
coupling in the current experiment.
The larger DP interaction associated with the E1g mode (DE1g > DA1g) explains the
stronger damping and larger fluence dependence of the frequency shift and the larger decay
rate of the E1g mode over the A1g mode [Fig. 5(b) and (c)]. Although we estimate the
magnitude ratio of the DP interactions for both modes to be 0.51−1 ≈ 2.0 at the most, it
is unclear why the lifetime of the A1g mode (18.7 ps, i.e., 1/τ ≈ 0.053 ps
−1) is an order
of magnitude larger than that of the E1g mode (1.42 ps, i.e., 1/τ ≈ 0.70 ps
−1) observed in
the lowest fluence limit of F = 50 µJ/cm2. Another important factor might be anharmonic
phonon-phonon coupling which is thought to be very small for the A1g mode as observed
by the previous Raman measurements which demonstrated the phonon spectral width (the
inverse of the decay rate) is insensitive to the lattice temperature [38]. Therefore, 1/τanh is
small for the A1g mode. When F is small, 1/τe−h is small and, as a result, 1/τ is small leading
the lifetime of the A1g mode to be very long compared with other materials. Note that the
ratio of the A1g mode decay rate for lowest and highest F values is ≈1.8, an unusually large
value even though the absolute value of the change is small. This is consistent with the
assumption that the DP electron-phonon coupling is the dominant scattering factor for the
A1g mode over other interactions.
It is worth mentioning that the A1g lifetime is expected to be insensitive to the number
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FIG. 5. (a) The initial amplitudes, (b) the oscillation frequencies, and (c) the decay times of the
E1g and A1g modes obtained by fitting of the time-domain signals. The solid lines indicate a linear
curve fit. The dotted line serves as a guide to the eye.
of layers based upon previous report, in which the spectral widths of the Raman peaks for
both E1g and A1g modes did not change with an increase in the number of layers, although
the peak positions did shift depending on the number of layers [39, 40]. In addition, the A1g
mode lifetime at room temperature is expected to be comparable to that at low temperature
[38]. Therefore, to exploit the long-lifetime of the coherent A1g mode, neither a preparation
of an atomically thin layer or low temperature is necessary. In other words, MoTe2 is
robust in terms of changes in the environment and expected to provide stable performance
for practical phonon-based applications. In terms of optoelectrical applications, MoTe2 is
expected to pave the way to a new class of devices in that photo-irradiation can be used to
alter the electrical properties via strong electron-phonon coupling.
In conclusion, we have investigated the dynamics of time-domain coherent optical phonons
in the prototypical transition-metal dichalcogenide, 2H-MoTe2, for different pump fluences.
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Both the E1g and A1g modes were observed to possess different decay dynamics. In par-
ticular, the unusually long lifetime coherent A1g phonon mode was observed even in the
presence of photo-excited carriers at room temperature and it was found that its decay rate
changed significantly with variation in the excitation laser fluence due to weak anharmonic
phonon-phonon coupling and fluence-dependent deformation potential electron-phonon in-
teractions. The present data on ultrafast lattice dynamics can be expected to open up new
routes to understand carrier-phonon coupling that govern electronic transport properties in
transition-metal dichalcogenides.
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25107004.
∗ k-makino@aist.go.jp
† mhase@bk.tsukuba.ac.jp
[1] K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Phys. Rev. Lett. 105, 136805 (2010).
[2] D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. Marks, and M. C. Hersam, ACS Nano 8,
1102 (2013).
[3] A. V. Kolobov and J. Tominaga, Two-Dimensional Transition-Metal Dichalcogenides,
(Springer,2018).
[4] X. Qian, J. Liu, L. Fu, and J. Li, Science 346, 1344 (2014).
[5] Y. Sun, S.-C Wu, M. N. Ali, C. Felser, and B. Yan, Phys. Rev. B 92, 161107 (2015).
[6] L. Huang, T. M. McCormick, M. Ochi, Z. Zhao, M.-T. Suzuki, R. Arita, Y. Wu, D. Mou, H.
Cao, J. Yan, N. Trivedi, and A. Kaminski, Nat. Mater. 15, 1155 (2016).
[7] W. Zhang, Z. Huang, W. Zhang, and Y. Li, Nano Res. 7, 1731 (2014).
[8] D. H. Keum, S. Cho, J. H. Kim, D.-H. Choe, H.-J. Sung, M. Kan, H. Kang, J.-Y. Hwang, S.
W. Kim, H. Yang, K. J. Chang, and Y. H. Lee, Nat. Phys. 11, 482 (2015).
[9] S. Fathipour, N. Ma, W. S. Hwang, V. Protasenko, S. Vishwanath, H. G. Xing, H. Xu, D.
Jena, J. Appenzeller, and A. Seabaugh, Appl. Phys. Lett. 105, 192101 (2014).
[10] S. Cho, S. Kim, J. H. Kim, J. Zhao, J. Seok, D. H. Keum, J. Baik, D.-H. Choe, K. J. Chang,
K. Suenaga, S. W. Kim, Y. H. Lee, and H. Yang, Science 349, 625 (2015).
[11] T. J. Octon, V. K. Nagareddy, S. Russo, M. F. Craciun, and C. D. Wright, Adv. Opt. Mater.
10
4, 1750 (2016).
[12] L. Yin, X. Zhan, K. Xu, F. Wang, Z. Wang, Y. Huang, Q. Wang, C. Jiang, and J. Heb, Appl.
Phys. Lett. 108, 043503 (2016).
[13] P. Yu and M. Cardona, Fundamental of Semiconductors, Third Edition (Springer, Berlin
Heidelberg, 2001).
[14] T. Sohier, M. Calandra, and F. Mauri, Phys. Rev. B 94, 085415 (2016).
[15] T. Dekorsy, G. C. Cho, and H. Kurz, in Light Scattering in Solids VIII, edited by M. Cardona
and G. Gu¨ntherodt (Springer, 2000), pp. 169–209, Chap. 4. Coherent phonons in condensed
media.
[16] M. Rini, R. Tobey, N. Dean, J. Itatani, Y. Tomioka, Y. Tokura, R. W. Schoenlein, and A.
Cavalleri, Nature 449, 72 (2006).
[17] K. Makino, J. Tominaga, and M. Hase, Opt. Express 19, 1260 (2011).
[18] K. W. Kim, A. Pashkin, H. Schfer, M. Beyer, M. Porer, T. Wolf, C. Bernhard, J. Demsar, R.
Huber, and A. Leitenstorfer, Nat. Mater. 11, 497 (2012).
[19] K. Makino, J. Tominaga, A. V. Kolobov, P. Fons, and M. Hase, Appl. Phys. Lett. 101, 232101
(2012).
[20] C. M. Tesch and R. de Vivie-Riedle, J. Chem. Phys. 121, 12158 (2004).
[21] M. Hase, and M. Kitajima, J. Phys. Condens. Matter. 22, 073201 (2010).
[22] K. J. Yee, K. G. Lee, E. Oh, D. S. Kim, and Y. S. Lim, Phys. Rev. Lett. 88, 105501 (2002).
[23] I. H. Lee, K. J. Yee, K. G. Lee, E. Oh, D. S. Kim, and Y. S. Lim, J. Appl. Phys. 93, 4931
(2003).
[24] K. Ishioka, M. Hase, M. Kitajima, and H. Petek, Appl. Phys. Lett. 89, 231916 (2006).
[25] K. Ishioka, H. Petek, V. E. Kaydashev, E. M. Kaidashev, and O. V. Misochko, J. Phys.
Condens. Matter. 22, 465803 (2010).
[26] M. Hase, M. Katsuragawa, A. M. Constantinescu, and H. Petek, Nat. Photon. 6, 243 (2012).
[27] A. J. Grant, T. M. Griffiths, G. D. Pitt, and A. D. Yoffe, J. Phys. C Solid State Phys. 8, L17
(1975).
[28] A. Conan, D. Delaunay, A. Bonnet, A. G. Moustafa, and M. Spiesser, J. Appl. Phys. 110,
014910 (2011).
[29] M. Hase, M. Kitajima, A. M. Constantinescu, and H. Petek, Nature 426, 51 (2003).
[30] K. Ishioka, M. Kitajima, J. Irisawa, Y. Hironaka, K. Ushida, and F. G. Nakamura, Jpn. J.
11
Appl. Phys. 45, 9111 (2006).
[31] P. B. Allen, Phys. Rev. Lett. 59, 1460 (1987).
[32] A. V. Kolobov, P. Fons, and J. Tominaga, Phys. Rev. B 94, 094114 (2016).
[33] M. Hase, K. Mizoguchi, H. Harima, S. I. Nakashima, and K. Sakai, Phys. Rev. B 58, 5448
(1998).
[34] H. Katsuki, J. C. Delagnes, K. Hosaka, K. Ishioka, H. Chiba, E. S. Zijlstra, M.E. Garcia, H.
Takahashi, K. Watanabe, M. Kitajima et al., Nat. Commun. 4, 2801 (2013).
[35] P. G. Klemens, Phys. Rev. 148, 845 (1966).
[36] F. Valle´e, Phys. Rev. B 49, 2460 (1994).
[37] F. Cerderia, T. A. Fjeldly, and M. Cardona, Phys. Rev. B 8, 4734 (1973).
[38] T. Li, Z. Zhang, W. Zheng, Y. Lv, and F. A. Huang, AIP Adv. 6, 115207 (2016).
[39] G. Froehlicher, E. Lorchat, F. Fernique, C. Joshi, A. Molina-Snchez, L. Wirtz, and S. Berciaud,
Nano Lett. 15, 6481 (2015).
[40] T. Goldstein, S.-Y. Chen, J. Tong, D. Xiao, A. Ramasubramaniam and J. Yan, Sci. Rep. 6,
28024 (2016).
12
